Abstract.-Fishes show one of the widest ranges of sperm competition intensity of any animal group. Here we present a comparative study whose aim is to investigate the effect of relative intensity of sperm competition on investment in spermatogenesis and the number and size of sperm produced. We find that both the gonadosomatic index (GSI ϭ [gonad weight/body weight] ϫ 100) and sperm numbers increase with intensity of sperm competition across species but that sperm length decreases. These new findings are consistent with a raffle-based mode of sperm competition in fishes. Most of these results (positive correlation of the GSI and sperm number with sperm competition intensity) concur with the predictions of current sperm competition theory. However, we also find that sperm longevity decreases with sperm length across species. Current models for continuous fertilization suggest that if length increases a sperm's speed but decreases its longevity, sperm length should increase with sperm competition intensity, whereas models for instant fertilization suggest that sperm length should remain constant. The negative relationship found between sperm competition and sperm length therefore does not fit predictions of either model. Sperm competition occurs when the sperm of two or more males compete to fertilize the eggs of a female (Parker 1970) , and it is a potentially powerful force in the evolution of male reproductive anatomy, physiology, and behavior (e.g., Smith 1984). The way in which sperm competition proceeds at the gametic level is poorly understood and difficult to investigate because of the sensitivity of the gametic environment and confounding variables arising from both sexes. Much current interest is focused on theory concerning investment in ejaculates and the significance of sperm size and number (Parker 1982 (Parker , 1990a(Parker , 1990b (Parker , 1993 Parker and Begon 1993) . It is argued that vertebrate sperm competition often operates along the principles of a raffle or lottery, in which males inseminating the most sperm have the highest probabilities of fertilizing ova. This should select for increased investment in spermatogenesis (see the next section). Evidence to support this general prediction comes from comparative studies of various animal taxa. Relative testis size is generally greater in promiscuous species than relatives tending toward monogamy (e.g., primates, Harcourt et al.
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Sperm size could be important in sperm competition because longer sperm may generate greater flagellar forces (Katz and Drobnis 1990) and swim faster (Gomendio and Roldan 1991) . In contrast, with a fixed resource budget, smaller sperm may allow males to produce more gametes, which may be adaptive if sperm compete numerically (e.g., Parker 1982) . Confounding variables, such as the morphology and biochemistry of the female reproductive tract, might also affect sperm form and function (e.g., Dybas and Dybas 1981; Briskie and Montgomerie 1992) . Such factors are constrained, however, in external fertilizers.
Fish are an ideal group for testing the various predictions of sperm competition theory. They show a remarkable diversity of mating systems (Breder and Rosen 1966) and one of the widest ranges for sperm competition intensity of any animal group, varying continuously from external fertilization in huge and dense groups of communal spawners (e.g., Clupeidae) to internal fertilization in which sperm competition may be nonexistent or infrequent (e.g., Syngnathidae). Here we present results of a comparative study in which we investigate correlates of intensity of sperm competition in fishes. We examine effects of sperm competition on variation in relative investment in spermatogenesis and the numbers and size of sperm produced.
theoretical background
The predictions we wish to test arise from game theoretical models of sperm competition (Parker 1984 (Parker , 1990a (Parker , 1990b (Parker , 1993 Ball and Parker 1996) that seek evolutionarily stable strategies (ESSs; Maynard Smith 1982) for the way that ejaculate parameters will co-vary with sperm competition intensity (average number of competing ejaculates) across species.
Sperm Size and Number
Two types of model generate slightly different predictions about sperm size and number. First, with instant fertilization, there is no significant sperm mortality during the fertilization process (though there may be before fertilization), and so all (or most) eggs are fertilized. The simplest instant fertilization model (Parker 1993) predicts that sperm size is optimized independently of sperm competition intensity, following a version of marginal value theorem (Charnov 1976; Parker and Stuart 1976) , and that both ejaculate expenditure and sperm number (but not sperm size) increase with sperm competition intensity. Second, with continuous fertilization, fertilization is a continuous-time process, and the total number of fertilizations in each unit of time is proportional to the product of sperm density and speed. There is size-related mortality during fertilization. The available evidence suggests that survival decreases with size, probably because increased mass is used mainly to ''buy'' speed via increased tail length (see Gomendio and Roldan 1991) . This model (Ball and Parker 1996) predicts that sperm size will depend on sperm competition intensity: if size decreases survivorship, sperm size should increase (rather weakly) with sperm competition intensity (the reverse applies if size decreases survivorship), and that ejaculate expenditure and typically also sperm number increase with sperm competition intensity.
Externally fertilizing animals such as fishes are expected to range across these two models. Following the continuous fertilization model, some species may show appreciable sperm mortality during the fertilization process since infertility due to sperm limitation has been recorded (review in Levitan and Petersen 1995) . Following the instant fertilization model, other species may approach full fertility (e.g., Warner et al. 1995) . While ideally ejaculate expenditure (product of sperm size and number) would be measured directly, we expect it to correlate positively with the gonadosomatic index (GSI ϭ [gonad weight/body weight] ϫ 100) since the GSI is likely to increase as sperm demand increases.
methods

Data Collection and Classification
Data on the GSI, sperm number per stripped ejaculate, sperm length, sperm concentration, volume of stripped ejaculates, and sperm longevity were collected from the literature. Published data on GSIs are generally calculated using wet weights. For seasonal spawners, only data on GSI and ejaculate characteristics from males identified as reproductively active were used. Where a range of mean GSI values was reported for the year, we took the maximum mean value to be that of reproductively active males. Unless reported, the average number of sperm per stripped ejaculate was calculated from mean sperm concentration and ejaculate volume data (mean values were calculated in cases in which data were available from different sources). Data for sperm concentrations in Mountib (1978) contained an apparent error in the number of decimal places reported (this is also noted in Jamieson 1991). These data were used for one species in the analysis, Gadus morhua, but the number of decimal places in the figure given for sperm concentration was corrected in line with data from other sources before use. Some values of sperm length were measured from published figures. Where no absolute scale was given but spermatozoa were drawn in direct proportion to one another, as in Retzius (1905) , a scale was calculated from species of known sperm length. Results from these calculations were comparable with data from other sources. Where a range of values of sperm length was available, mean species values were calculated. Sperm longevity data are perhaps the most problematic collected from the literature. Duration of fish sperm movement is variable according to environmental conditions; hence, we attempted to restrict data included to those collected within the normal range of spawning temperatures and salinities (means were taken where a range of temperatures were presented). Where specified, we used data for the duration of propulsive movement of sperm rather than for the total duration of movement. Sperm longevity is generally shorter in freshwater spawning species than in marine species owing to osmotic stress (Jamieson 1991) . We have therefore confined analyses of sperm longevity to freshwater spawners, since relatively few data were available for marine species.
Intensity of sperm competition at mating was classified for each species independently of data collection (after Parker 1992) . Most of the information used for classification was obtained from Breder and Rosen's (1966) monograph. It is assumed that sperm competition intensity increases with the degree of polygamy or communal spawning and that at comparable levels of polygamy and communal spawning, internal fertilization carries a lower risk of sperm competition than does external fertilization (since displacement of previous males' sperm and/or sperm mortality will tend to decrease the intensity of sperm competition in internal fertilizers). The variables were assigned as follows: 0 ϭ internal fertilization (including fertilization in the mouth) and no evidence for communal spawning or polygamy; 1 ϭ internal fertilization and low communal spawning or polygamy, or external fertilization, distinct pairing, and no obvious communal spawning; 2 ϭ internal fertilization and high communal spawning or polygamy, or external fertilization, distinct pairing, and low communal spawning; 3 ϭ external fertilization, distinct pairing, and moderate communal spawning, or no pairing and low communal spawning; 4 ϭ external fertilization, distinct pairing, and high communal spawning, or no pairing and moderate communal spawning; 5 ϭ no pairing and high communal spawning.
Comparative Analysis
We have used Comparative Analysis by Independent Contrasts (CAIC; Purvis and Rambaut 1994) to look for evolutionary relationships between continuous variables and Burt's (1989) comparative method to test for effects of a categorical trait on continuous variables. The CAIC program is based largely on the methods for comparative analysis described by Felsenstein (1985 Felsenstein ( , 1988 ; see also Harvey and Pagel 1991; Harvey and Purvis 1991) . Spurious results caused by shared ancestry of species in the data set are avoided by identifying independent evolutionary events for analysis. Data were log-transformed before CAIC analysis. With Burt's (1989) method using categorical and continuous data, contrasts are produced by pairing each species in the data set with its closest relative differing with respect to the category under investigation, with the proviso that no species is used in more than one comparison within a given data set. Both methods require an estimate of the evolutionary relationships among species in the data set so that phylogenetically independent comparisons may be made. Such an estimate was compiled from a variety of sources (Lauder and Liem 1983; Carroll 1988; Murata et al. 1993) . Published phylogenies were used as far as possible, but taxonomic information was substituted where no detailed phylogeny was available (Breder and Rosen 1966) . Uncertainty about relationships among taxa (which often occurred at lower nodes) was represented by multiple branching points in the proposed phylogeny. Where uncertainty led to possible alternative contrasts using Burt's (1989) method, mean values were taken. For example, among the cichlids in the GSI data set, it is uncertain which among Oreochromis mossambicus, Oreochromis niloticus, and Tilapia zilli (each with a sperm competition rank of 1) is most closely related to Oreochromis aureus (with a sperm competition rank of 0). There are thus three possible outcomes of a contrast within the Cichlidae. Where data were available for each, a mean value was taken for those with the same sperm competition rank. Simple regression analyses were used to test the results of the CAIC analyses, and Wilcoxon signed-rank tests were used for paired contrasts. Linear regressions were forced through the origin, as recommended by Harvey and Pagel (1991) .
Since the GSI is a percentage of body mass, use of this variable might lead to biased results if testes size scales allometrically with body size. The relationship between log body mass and log testes mass across 19 species for which data were available was significant and positive (r 2 ϭ 0.69, F ϭ 37.0, df ϭ 1, 17, P ϭ .0001), with a slope of 0.75. To determine whether use of GSI data was likely to produce biased results in the comparative analysis, we investigated the relationship between intensity of sperm competition and body size. Seven independent contrasts were identified in which closely related species differed with respect to sperm competition rank; in six of these, the species with higher intensity of sperm competition also had the higher value for mean male body weight (Wilcoxon signed-ranks test, P ϭ .06). Thus, any confounding effects in the analysis caused by the allometric relationship between body mass and testes mass (i.e., larger males have proportionately smaller testes) are in the opposite direction to those potentially caused by the relationship between body mass and intensity of sperm competition (males of larger species tend to experience a higher intensity of sperm competition). Therefore, the use of GSI data under these circumstances will not result in a bias toward finding a positive relationship with intensity of sperm competition. Rather, it may result in a bias toward finding either no or a negative relationship between the GSI and intensity of sperm competition. None of the other variables tested were significantly correlated with body size; therefore, we did not control for this.
results
Data on two or more variables (intensity of sperm competition, GSI, sperm number per stripped ejaculate, sperm length, sperm longevity) were collected for 89 fish species from 26 families (table 1) .
A significant positive association was found between intensity of sperm competition and both GSI and sperm numbers. That is, relatively high values of the GSI and sperm number per stripped ejaculate are associated with a relatively high intensity of sperm competition across species (GSI: nine positive contrasts and one negative contrast, Wilcoxon signed-ranks test, P Ͻ.03, table 2; sperm number: eight positive contrasts and zero negative contrasts, P Ͻ .02, table 3). The GSI analysis contains two species with unusual modes of fertilization: Oreochromis aureus has fertilization in the mouth of the female, and Syngnathus typhle has fertilization in a specialized male pouch. Exclusion of these two species from the analysis does not reduce the significance of the result (Wilcoxon signed-ranks test, eight positive contrasts and zero negative contrasts, P Ͻ .02). The sperm numbers analysis contains only externally fertilizing species. 2, 4, 7, 13, 14, 17, 31, 40, 48, 49, 57, 62, 63 Diptychus dybowskii Note.-Sperm competition rank (1-5) increases with intensity of sperm competition; mean duration of sperm movement (longevity) as measured within normal spawning conditions of temperature and salinity. Sources: 1, Billard 1986; 2, Billard 1987; 3, Billard et al. 1987; 4, Billard 1988; 5, Bouck and Jacobson 1976; 6, Bratanov and Dikov 1961; 7, Breder and Rosen 1966; 8, Chao et al. 1975; 9, Chao et al. 1987; 10, Cherr and Clark 1985; 11, Ciereszko et al. 1993; 12, Clemens and Grant 1965; 13, Courtois et al. 1986; 14, Darling et al. 1980; 15, Donaldson et al. 1972; 16, Emeljanova and Makeeva 1985; 17, Erdahl 1984; 18, Fagade et al. 1984; 19, Fink and Haydon 1960; 20, Gardiner 1978; 21, Ginzburg 1968; 22, Goryczko and Tomasik 1975; 23, Grodzinski 1971; 24, Guest et al. 1976; 25, Hamor 1966; 26, Harvey et al. 1982; 27, Hirose and Kubo 1983; 28, Hochman et al. 1974; 29, Horst et al. 1980; 30, Hubbs 1960; 31, Izymov 1979; 32, James 1956; 33, Jamieson 1991; 34, Jaspers et al. 1976; 35, de Jonge et al. 1989; 36, Joseph 1987; 37, Kazakov 1981; 38, Koenig et al. 1978; 39, Koldras and Moczarski 1983; 40, Kruger et al. 1984; 41, Linhart 1984a; 42, Linhart 1984b; 43, Linhart and Benesovsky 1991; 44, Linhart et al. 1991; 45, Mack and Billard 1982; 46, McLean 1982; 47, Middaugh and Hemmer 1992; 48, Moczarski 1976; 49, Moczarski and Koldras 1982; 50, Mounib 1978; 51, Piironen and Hyvärinen 1983; 52, Retzius 1905; 53, Rosenberg 1983; 54, Rötheli et al. 1950; 55, Ruby and McMillan 1970; 56, Rutter 1902; 57, Saad and Billard 1987; 58, Saad et al. 1989; 59, Sanchez-Rodriguez et al. 1978; 60, Scheuring 1928; 61, Schlenk and Kahmann 1938; 62, Stein and Lamina 1975; 63, Stein 1981; 64, Truscott and Idler 1969; 65, Warner and Lejeune 1985; 66, Winnicki and Tomasik 1976; 67, Yanagimachi 1957; 68, Zuromska 1981 .
TABLE 2
Independent Contrasts between Intensity of Sperm Competition and the Gonadosomatic Index Note.-Contrasts were produced by pairing each species with its closest relative in the data set differing with respect to sperm competition category.
Mean values were taken for species with the same sperm competition ranks, where uncertainties in the phylogeny led to two or more potential alternative contrasts (values are given in parentheses).
A significant negative association was found between intensity of sperm competition and sperm length (table 4) . That is, species with a relatively high intensity of sperm competition generally have shorter sperm than do relatives with a lower intensity of sperm competition. This applies when both internally and externally fertilizing species are included in the data set (12 negative contrasts and two positive, Wilcoxon signed-ranks test, P ϭ .002) and also when internally fertilizing species are excluded (10 negative contrasts and two positive, P ϭ .005).
A significant negative relationship was found between sperm length and longevity, such that longer sperm are motile for shorter periods (n ϭ 15, F ϭ 6.63, df ϭ 1, 13, P Ͻ .03).
discussion
A relationship between sperm competition and gonad size was predicted long ago by fish biologists (Robertson and Choat 1974; Choat and Robertson 1975; Robertson and Warner 1978; Warner and Robertson 1978) . Results of the present study confirm that, as expected, intensity of sperm competition is positively correlated with relative investment in spermatogenesis, measured as the GSI, across fishes. Similar patterns of investment in spermatogenesis are known to occur within certain fish families (e.g., Robertson and Warner 1978; Warner and Robertson 1978; Robertson 1985; Warner and Lejeune 1985) and across numerous other taxa (e.g., mammals, Harcourt et al. 1981; amphibians, Jennions and Passmore 1993; butterflies, Gage 1994) . In fishes, our comparative study suggests that the increased gonadal investment is made specifically in sperm numbers, supporting the idea that sperm compete numerically, as assumed for the raffle principle. Although stripped ejaculate size in fishes may not be strictly equivalent to ejaculate size as recorded for other vertebrates (reviewed in Møller 1988 Møller , 1989 , this measure represents the amount of mature sperm available in storage for ejaculation. That both the GSI and sperm numbers should increase with sperm competition intensity fits the predictions of theory (Parker 1982 (Parker , 1990b (Parker , 1993 and the continuous fertilization model (Ball and Parker 1996) .
We also looked for a relationship between relative sperm length and intensity of sperm competition across fish species in the data set. The continuous fertilization model predicts that if sperm longevity decreases with sperm size, then sperm size should increase (albeit weakly) with sperm competition intensity, and the instant fertilization model predicts sperm size constancy. Our findings suggest that it in fact decreases. This result applies both when all species (both internal and external fertilizers) are included in the analysis and also when only externally fertilizing species are included (we did not have enough information to examine the relationship for internal fertilizers separately). Possibly the models misidentify the advantage of sperm length and swimming speed in increasing fertilization success. Note, though, that there must exist some advantage for increased sperm size; otherwise sperm would remain at an arbitrary minimum size independent of sperm competition intensity.
A further consideration is whether the relationship between sperm competi- Note.-Contrasts were produced by pairing each species with its closest relative in the data set differing with respect to sperm competition category.
Mean values were taken for species with the same sperm competition ranks where uncertainties in the phylogeny led to two or more potential alternative contrasts (values are given in parentheses). Internally fertilizing species are marked with an asterisk.
tiveness and size remains constant at all sperm densities, as the theory assumes. If higher sperm densities cause the relation between sperm competitiveness and size to reach its asymptote more quickly, sperm size might be expected to decrease with sperm competition intensity under certain conditions in the instant fertilization model (Parker 1993) , and the same is likely to apply under continuous fertilization. With continuous fertilization, in the absence of sperm competition, there is an optimal sperm size (and hence speed) that maximizes the number of collisions with ova within an ejaculate's lifetime. As sperm competition increases, it becomes favorable to increase both sperm size (at the expense of longevity) and sperm numbers. The advantage of living longer reduces as eggs are used up faster because of the higher sperm numbers (Ball and Parker 1996) . Empirical studies are now required to quantify the relative importance of sperm number, speed, and longevity within the dynamics of fertilization and sperm competition in externally fertilizing fishes.
As mentioned earlier, we found sperm longevity to be inversely related to sperm length across the externally fertilizing freshwater species in the data set. Relationships between sperm morphometry and behavior are not generally well understood. Increased flagellar length is predicted to permit increased swimming velocity and/or power, according to hydrodynamic theory (Katz and Drobnis 1990) . Gomendio and Roldan (1991) found a positive relationship between sperm length and swimming speed in a comparative study of mammals. They suggested that a trade-off might exist between sperm velocity and longevity because longer, and therefore faster, sperm might use up their mitochondrial reserves more rapidly. This suggestion is appealing intuitively, but relationships among sperm length, velocity, longevity, and energy reserves are as yet unknown. Further studies that control for phylogeny are needed to investigate relationships between flagellar length and midpiece size and between sperm velocity and sperm longevity.
It is interesting that studies of internal fertilizers in other taxa suggest that sperm competition may sometimes select for increased investment in sperm size (Gomendio and Roldan 1991; Gage 1994) . Variation in the relationships reported between intensity of sperm competition and sperm length for different groups may be explained by several factors. For example, Gomendio and Roldan (1993) found that variation in sperm length among mammals is also correlated with aspects of female reproductive biology, such as the duration of sexual receptivity and the length of the female reproductive tract. If longer sperm ''buy'' competitive ability (speed) at the expense of longevity (Gomendio and Roldan 1991, 1993) , then variation in the distances that sperm must travel before reaching the site of fertilization might result in differential selective pressure on sperm length, which may then correlate positively with intensity of sperm competition (see discussion in Parker 1993) . Different effects may therefore apply when size-dependent mortality occurs before rather than during fertilization. Factors not directly related to sperm competition probably also affect spermatogenesis and sperm form and function in fishes. Characteristics of the spawning medium (e.g., internal/external fertilization, fast-or slow-moving water, salt or freshwater) may be selective (e.g., . Number and size of ova may also influence sperm characteristics (e.g., Peters 1971) . Evidence was found (Stockley et al. 1996 ) for a positive relationship between mean sperm numbers (stripped ejaculates) and the mean number of ova released at spawning across externally fertilizing fishes. The sperm of internally fertilizing fishes were generally longer than those of external fertilizers, and sperm length was positively correlated with number of ova among externally fertilizing species.
Comparative studies of alternative male mating tactics within species constrain the influences of variables related to female biology. Intraspecific studies of fishes have revealed that variation in investment in spermatogenesis is selected for under differing risks of sperm competition (e.g., Robertson and Choat 1974; Choat and Robertson 1975; Robertson and Warner 1978; Warner and Robertson 1978) . As yet, however, there are relatively few detailed studies of the relative size or longevity of sperm ejaculated by males adopting alternative mating tactics (Gage et al. 1995) . Such information would be a valuable addition to future comparative studies of patterns of adaptation to sperm competition in fishes.
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